Abstract
with Hoechst 33342 (Invitrogen). For qualitative analysis, three randomly selected fields per organoid section were acquired 1 3 7 with a confocal laser scanning microscope (Zeiss LSM 710) and images were further stacks were created using Imaris software (Bitplane). channel with a gaussian filter. By selecting a pixel threshold to identify apoptotic cells, a 1 4 7 pyknotic nuclei mask was identified and subtracted from the nuclei mask.
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For the segmentation of neurons, a median filter was applied to the raw TUJ1 channels. The expression for one list of genes, while 0 corresponds to no expression of any genes from that histogram. In each subpanel the distributions for day 35 and for day 70 are shown. Population 1 9 8 differences were assessed by Z-test of the means with Bonferroni correction. From the scRNA-seq data we also computed gene-gene Pearson correlation coefficients for 2 0 2 stemness-and neuron-specific genes. Analysis was performed independently for the two 2 0 3 samples (35d DA dif and 70d DA dif) resulting in two correlation matrices ( Figure 1E ).
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In the lower triangular matrix all correlation values are shown, whereas the upper triangular visual clarity, diagonal elements and not detected genes were excluded. For individual genes, we considered the normalized gene expression across the cell this analysis for the neuron specific genes ( Figure 1F ) and neuronal subtypes including levels correspond to * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = propagation. Microscopy Techniques, Danvers, MA). The Maestro microelectrode array (MEA, Axion BioSystems) platform was used to record Enzyme, resuspend in 10 µg/ml laminin (Sigma-Aldrich) and placed as a droplet onto the were analysed using the Neural Metric Tool (Axion BioSystems). Electrodes with an average 2 5 3 of ≥ 5 spikes/min were defined as active, for the pharmacological treatment 24 electrodes were genes significantly more than cells at 70 days.
TEM Morphology
To further investigate how the differentiation of precursor cells into neurons evolves over time,
we computed the gene-gene correlation for the genes of the neuron-specific list and of the between neuron-and stemness-specific genes ( Figure 1E , left heatmap). Very few of the neuron-specific genes increased considerably at day 70. This significant increase of neuron- Next, we wanted to elucidate which individual genes contribute to the differences between the specific genes, we found that approximately 30 % of the stemness-specific genes are DEGs 3 3 0 (see Table 4 ). Similarly, 42 % (corresponding to 11 genes) of the neuron-specific genes are 3 3 1 differentially expressed (Table 3 and 4). Hence, the percentages of DEGs within the neuron- differentiation and progressive maturation. Next, we focused on individual neuron-specific genes and compared their expression over time. For each gene we computed the log2 fold-change between the average expression at day 35 and
day 70 ( Figure 1F ). Consistent with the findings shown in Figure 1D , the majority of genes 3 3 8
were significantly higher expressed at day 35 than at day 70 based on Z-test analysis corrected 3 3 9
for multiple hypotheses testing. Interestingly, among the genes expressed at day 35 we found transcriptome (see Table 4 ). Midbrain-specific organoids consist of different neuronal subtypes
From previous studies we know that hMOs are rich in dopaminergic neurons (Jo et al., 2016; The in vitro human brain organoid technology has become a valuable tool allowing advances in 1 8
the field of basic research as well as in translational applications (Fatehullah et al., 2016) .
Organoids specifically modelling the human midbrain hold great promise for studying human research has so far focused mainly on dopaminergic neurons. In a detailed study of Borroto- controlled by GABAergic input (Tepper and Lee, 2007) . Evidences from these studies suggest
that the presence of other neuronal subtypes is important to model multifactorial disease like specific organoid models (Jo et al., 2016; Qian et al., 2016; Monzel et al., 2017; Smits et al., 4 5 7 2019), we detected a significant upregulation of tyrosine hydroxylase (TH) within the cell diseases using 3D models that are able to recapitulate cell autonomous as well as non-cell 2 0
functionally connected heterogeneous neuronal cell populations. We would like to thank Dr. Sebastian Illes (University of Gothenburg, Sweden) for his help different origin. hMOs were generated as described in the experimental procedures section. Table 3 6 5 9
Stemness
Neuronal Dopaminergic Glutamatergic GABAergic Serotonergic
